An extract of small molecules (molecular weight <500) of the slime mold Physarum polycephalum undergoes a shift in ultraviolet-visible absorption spectrum upon illumination. This illumination also confers on the extract the ability to induce sporulation when injected into a starved, unilluminated slime mold. The spectral shift and the appearance of the sporulation-inducing activity both occur regardless of whether the illumination is carried out on an intact slime mold or on the plasmodium-free extract itself. Thin-layer chromatography resolves the slime mold extract into four major visible fractions. One of these has high sporulation-inducing activity after illumination in vitro.
It has long been recognized that, after starvation in the dark, the slime mold Physarum polycephalum undergoes differentiation (sporulation) in response to light (1) (2) (3) (4) (5) . This had led to the assumption that the activation of a photoreceptor pigment is a necessary link in the chain of events leading to sporulation. Colored compounds are prime candidates for such a photoreceptor compound, especially since some other, colorless species of slime mold do not require light for sporulation (3, 6) . However, the direct demonstration of the involvement of a specific photoreceptor pigment in sporulation in Physarum polycephalum has been frustrated, partly because of the large number of pigments in this species (ref. 7 and C. F. Dresden, Ph.D. Dissertation, University of Wisconsin, 1959) and partly because of the difficulty of assaying for intracellular agents involved in sporulation. We recently showed that a small-molecule fraction of cell contents from an illuminated slime mold, when injected into an unilluminated slime mold, would cause sporulation (8) . We Preparation of Ultrafiltrates. Approximately I g of slime mold was homogenized in 5 ml of acetone at room temperature in a Sorvall Omnimixer for 2 min at medium speed. The homogenate was centrifuged at 10,000 rpm for 10 min using a Beckman JA-21 rotor. The yellow supernatant was then rotary-evaporated to remove acetone. The residue was taken up in 1 ml of H20 and filtered through an Amicon UM10 filtration membrane. This UM10 filtrate was then filtered again through a UM05 membrane.
Purification of Pigment. The UM10 filtrate from 100 g of microplasmodia was concentrated and subjected to Sephadex G-25 gel filtration on a column with a 100-ml bed volume. The yellow pigment was eluted with H20 and was then concentrated to less than 0.5 ml. The concentrated pigment was chromatographed on 1-mm thin-layer Silica Gel G using a developing solvent of acetic acid:n-butanol:chloroform (90: 200:15, vol/vol/vol).
Three distinct yellow pigment species (spots B, C, and D) were found in addition to a dark species at the origin (spot A). The pigments were eluted by scraping the spots off and suspending the scrapings in acetone. These slurries were filtered through Whatman no. 1 filter paper and evaporated to dryness. The concentrated pigments were again dissolved in acetone and filtered to remove any remaining traces of silica gel. These solutions were again rotary-evaporated, and the pigments were then dissolved in water for testing. Rechromatography was performed in the same manner.
RESULTS
Effect of illumination of intact plasmodia on absorption spectrum and sporulation-inducing ability To ascertain whether light has an effect on the ultraviolet and visible absorption spectrum of pigments in the intact slime mold, we prepared ultrafiltered extracts before and after a 6-hr illumination of starved plasmodia. Fig. la shows that a pronounced spectral shift did occur. Whereas the spectrum of the extract from unilluminated plasmodia exhibited a peak at 380 nm and a relatively low absorbance at lower wavelengths, the extract from illuminated plasmodia absorbed maximally in the visible at 365-370 nm and showed elevated absorbance in the ultraviolet. A similar shift in the ultraviolet-visible absorption spectra of crude extracts of Physarum nudum has previously been reported by Rakoczy (9 (-) and that had been illuminated for 6 hr (----). Macroplasmodia to be illuminated were placed 6 cm under a 40 W fluorescent lamp for 6 hr. (b) Spectra of UMO5 ultrafiltrates from starved macroplasmodia that had not been illuminated (-) and that had been illuminated for 3 hr (-* *) and for 6 hr (----), were illuminated in beakers (filled to a depth of approximately 3 mm) placed 6 cm under 40 W fluorescent lamps (General Electric F400W Cool White). (c) Spectra of spot C from thin-layer chromatography (for procedure, see Materials and Methods) that had not been illuminated (-) and that had been illuminated for 6 hr (----). Spectra were taken on a Cary 14 scanning spectrophotometer.
The extract from illuminated and unilluminated, starved slime mold was tested for sporulation-inducing ability by microinjection into unilluminated plasmodia. Table 1 shows that the low-molecular-weight ultrafiltrate from illuminated, but not unilluminated, slime mold was very effective in inducing sporulation. Since the filter used in preparing this extract retains substances with molecular weights greater than approximately 500, the sporulation-inducing factor, which passes through, must be a small molecule. Effect of illumination of the UMO5 ultrafiltrate on absorption spectrum and sporulation-inducing ability When an ultrafiltrate of starved plasmodia was prepared and then illuminated in vitro a spectral shift occurred (Fig. lb) . The nature of this shift was very similar to that seen when the intact slime mold was illuminated. Furthermore, the ultrafiltrate illuminated in vitro was capable of inducing sporulation, whereas it lacked this ability before illumination. These results are presented in Table 2 .
It was of interest to determine whether starvation was necessary to potentiate the light-induced spectral shift and the light-activation of the sporulation-induced factor. UMOS ultrafiltrate from unstarved, vegetative microplasmodia grown in shaken flasks showed a spectral shift upon illumination identical to that obtained with the extract from starved macroplasmodia, shown in Fig. lb . As indicated in Table 2 , this illuminated extract from vegetative plasmodia has good sporulation-inducing activity. Time course of spectral shift The shift in ultraviolet-visible spectrum was followed as a function of time, both in vivo and in vitro. Fig. 2 shows that there is a linear shift in spectrum in both cases, the shift in vitro being approximately twice as rapid as in vivo. This difference in rate could be explained by shielding of the photoreceptor pigment by the plasmodial membrane and slime coat. It is interesting that the activation of the pigment is very time-dependent, requiring hours for completion. This could explain the long illumination times ordinarily necessary to induce sporulation. It would appear that a threshold level of activated pigment must be reached in order to trigger differentiation. Certainly complete activation of all pigment is not required, (-) and in vitro (0). Methods were as described in the legend of Fig. 1 . since 6 hr of illumination is sufficient to induce sporulation but not to complete the spectral shift, even in vitro.
Purification of pigments
The yellow UMO5 extract was subjected to gel filtration on Sephadex G-25. The resulting yellow fraction was illuminated and tested for sporulation-inducing ability. Table 2 shows that this fraction retained activity. It also underwent the spectral shift, described above, upon illumination (data not shown).
The pigment from the Sephadex chromatography step was concentrated and subjected to thin-layer chromatography on silica gel G. Four major colored spots were resolved: a brown spot at the origin and three yellow spots with RF values of 0.46, 0.59, and 0.73. These are labeled A-D, respectively. Preparative-scale thin-layer chromatography was run; the four spots were scraped off the plates and eluted. The four resulting yellow solutions all showed similar ultraviolet and visible absorption spectra and all underwent somewhat similar spectral shifts upon illumination. The results for spot C are shown in Fig. lc . Only spot C (RF = 0.59) had high sporulation-inducing ability. As shown in Table 3 , this sporulation-inducing activity was only observed after illumination. Table S also shows that when these fractions were purified by rechromatography, only spot C had activity. Thus, the small amount of sporulation-inducing activity in spot B after the initial thin-layer chromatography was probably due to contamination by spot C. Normality of chemically induced sporulation The sporulation induced by pigment injection appeared normal in every respect. First, it approached 90% with the purified pigment, the same sporulation frequency we observed upon direct illumination of starved macroplasmodia. Sporulation began 7-10 hr after injection and was complete in 12-15 hr. It almost always involved the entire plasmodium continuously. Finally, sporangia resulting from pigment injection were disrupted by Teflon-glass homogenization, and the spores spread on a lawn of Escherichia coli B growing on semidefined medium (4) (1976) shows that injecting unilluminated pigment or illuminated spots A, B, and D gave no response. Thus, the short illumination received during injection is not sufficient to cause sporulation. In fact, we find that a full 2 hr of illumination caused only approximately 12% sporulation under our conditions. Pigment C is apparently the first link in the chain between the light stimulus and ultimate sporulation, since its effect can be observed in vivo after its purification and illumination in vitro. The other prominent pigments (spots A, B, and D) also show spectral shifts upon illumination, but they do not cause sporulation. It could be that these other slime mold pigments are involved at intermediate stages in sporulation or that they serve an unrelated function.
It has seemed reasonable that one of the processes carried out during starvation is pigment synthesis in preparation for illumination. The present studies make this less likely since the vegetative plasmodium, prior to starvation already contains significant quantities of spot C, which needs only to be illuminated to make it fully competent to induce sporulation in appropriately starved cultures.
The steps between the activation of spot C by light and the ensuing sporulation remain largely mysterious. Sauer et al. (2) have shown that a new RNA species appears on sucrose gradients during sporulation. In addition, sporulation is blocked by actinomycin D (11) , showing that new RNA synthesis is required. Furthermore, the pattern of acidic nuclear proteins shifts during sporulation, suggesting their involvement (12) . On another level, Daniel (1, 13) has proposed that a light-activated electron transport reaction is the primary sporulation event.
Further injection experiments of the type described here, but 
